The "random turbulent velocities," £, of macroscopic motion in the solar atmosphere have been directly observed at the center of the disk as local Doppler displacements in 18 lines, ranging in Rowland intensity from 0 to 1000 (K 3 line of Ca n) The measurements show a marked increase of £ with line strength. On a given spectrogram, the correlation between the velocity shifts of one line with those of another line diminishes steadily as the intensity difference between the two lines increases. There is thus a quantitative and qualitative variation in the velocity field with height, as indicated by line strengths.
I. INTRODUCTION
This series of papers is based on measurements of fluctuations of wavelength and brightness on numerous spectrograms obtained at Sacramento Peak during the season of best image quality in the fall of 1960 and spring and summer of 1961. Most of the observations are time sequences of spectra for a fixed line on the surface of the sun, defined by the spectrograph slit on an accurately guided solar image. They were prompted by the calculations of Whitney (1958) and the remarkable spectroheliographic velocity observations of Leighton (1960) , which show that the inclusion of the time parameter greatly improves our understanding of the observed structures in brightness and velocity. Evans and Michard (1961) have already presented preliminary results from the timeresolved observations, which will be considered more fully in later papers of this series. Papers I and II will be devoted to those characteristics of the velocity and intensity fields that are not time-dependent.
In the present paper we gather a number of measurements of the "random turbulent velocity,'' £, the measured r.m.s. velocity multiplied by V2. We consider the relation of £ to line strength and position on the solar disk.
C. de Jager (1959) has reviewed previous work of this nature. More recently Goldberg, Mohler, Unno, and Brown (1960) have published measurements showing a tendency for the values of £ in strong lines to exceed those in faint lines at the center of the solar disk. They also found pronounced differences in center-limb behavior for the two categories of lines. Finally, Servajean (1961) has made a statistical study of the relation between velocities and brightness fluctuations in the continuum due to granulation.
II. OBSERVATIONS AND MEASUREMENTS OE VELOCITIES
The spectrograms upon which the papers of this series are based were made with a fixed horizontal telescope, fed by a quartz coelostat and second mirror, and a 13-meter Littrow spectrograph. 
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The achromatic telescope objective has a 12-inch aperture and a 37-foot focal length. A negative achromatic Barlow lens placed about 3 feet inside focus amplifies the solar image to a diameter of 25.6 cm. A photoelectrically actuated servo system guides the coelostat in right ascension, with a response time of approximately 1 second and an accuracy somewhat better than ± 1". When necessary, the guiding in declination is performed by manual operation of fine motion of the second mirror. The projection of the slit on the sky is approximately in the north-south direction. The effect of solar rotation was corrected in the time sequences by appropriate shifts of the slit on the solar image in steps of 0"A.
The horizontal spectrograph has a cemented meniscus achromatic autocollimating lens which permits the elimination of reflected slit images with a single 3 X 12-mm shield and a 20' tilt of the lens. A field lens near the slit images the objective on the grating, assuring even illumination of the spectrum perpendicular to the dispersion.
The air in the light-path within the spectrograph is confined by a close-fitting box of f-inch plywood to minimize convection. The image quality of sharp dust lines and of the fine structure of natural mercury lines is good. Films in the 70-and 35-mm widths in cameras with automatic film transport were used throughout. Each film was photometrically calibrated by means of a series of exposures on the sun taken through a calibrated evaporated metal step wedge placed over the spectrograph slit.
The spectra obtained when the solar image quality is good show line wiggles and granular structure in the continuum, with resolution of the order of 1 second of arc. This is about the limit at which adjacent bright structures can be seen definitely separated, but with low contrast.
Curves of sight-line velocity as a function of position along the slit were determined from spectrograms showing "line wiggles" by a method devised independently by each of the authors before the present research began. The procedure has been described by Servajean (1961) and Richard, Mouradian, and Semel (1961) . J. W. EVANS AND R. MICHARD Two microdensitometer scans are made parallel to the length of the line, one on each side of center, in the steepest part of the deflection profile, shown at a and b in Figure 1 . At positions where the line is centered between a and 6, the deflections D a and A are equal. Wherever the line is decentered by AX, as shown by the dashed profile in Figure 1 , the deflections are no longer equal. Their difference, AZ), is a measure of AX. Series of calibration scans with the line deliberately decentered by known graduated amounts have invariably shown a linear relation, AX = CAD, over a range in AX considerably larger than any Doppler shifts observed on the normal sun. The constant, C, must, of course, be determined for each line in the spectrum separately. Its value remained fixed, however, throughout a given time series of spectra and could be reliably determined by calibrations of three or four exposures of the series.
The velocity-curves are drawn quite expeditiously by superposing the two microdensitometer charts (on semitransparent Brown recorder paper) from opposite sides of a line, with one of the charts inverted, top for bottom. Thus the deflection due to a Doppler shift in the line is seen in the same direction on both charts, and the velócity-curve is simply the mean of the two. Over most of the length of a scan, the velocitycurve can be rapidly drawn by eye, with the assistance of a few measured points in regions where variations in line intensity cause an inconveniently large separation of the two traces. The curvatures of the spectrum lines in the third order of grating A show strongly in the velocity curves. For numerical calculations, the effects of curvature were removed by measuring velocities from a carefully determined zero-curve, based on a mean from several lines on a number of spectrograms. Where such extended material was not available, we relied on a graphical averaging of several short sections of the velocity-curve to determine the curved zero line.
The accidental errors of single points on the velocity-curves depend strongly on the line strength. The errors are due mainly to grain noise, local variations in sensitivity of the photographic emulsion, and mechanical errors in the drawing of the velocity-curves.
The r.m.s. error due to grain and sensitivity fluctuations was estimated by comparing separate traces of the continuum at different points along the spectrum with the same slit dimensions as those used in measuring the velocities of faint lines (the most unfavorable case). The r.m.s. fluctuation in photographic density was 0.008. Table 1 shows the significance of such variations for lines of different Rowland intensities in terms of the contribution to the r.m.s. velocity (assuming Gaussian distributions of both errors and velocities) in the second and third columns and in km/sec in the fourth column.
The errors introduced by the process of reduction were estimated for lines of different strengths by performing the reduction twice for three lines on a single spectrogram, beginning each time with the alignment of the spectrogram in the microdensitometer. The r.m.s. differences between the two measurements of velocity for a single point were 0.05, 0.03, and 0.06 km/sec for lines of Rowland intensities 2, 6, and 20, respectively. FlG -2-Spectrum and corresponding velocity curves for b 2 and nearby Ti i 5173.7. The print shows only one-third of the usable slit length of the original frame. The core of b 2 has been printed separately (note that a small difference of scale between the curves and the photograph was not entirely avoided). The arrows accompanying the velocity curves indicate the velocity scale in km/sec and the scale of distance on the sun in km.
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The contributions to the r.m.s, velocities, which are generally more than three times as great, are negligible. Finally, Figure 2 shows a short length of the ¿2 line (5172.70) and X 5173.75 (of intensity 2) from the same spectrogram, together with the velocity-curve for each. The correspondence between the curve and the visible line displacements is traceable in considerable detail. The differences between the velocity-curves for the two lines are real. They are characteristic of lines of widely differing intensities which originate at different levels in the solar atmosphere. 
III. THE SIGNIFICANCE OF THE MEASURED VELOCITIES
The rather evident, but necessary, remark should be made that the observed a velocities'' give a very blurred and smoothed picture of the actual macroscopic velocity field in the atmosphere. Two different phenomena contribute to this blurring and smoothing. The first, of course, is the always insufficient image quality, due to the effect of the terrestrial atmosphere and imperfections of the telescope. This optical imperfection washes out the local fluctuations of small angular extent. The effect is particularly marked near the limb, where geometrical foreshortening compresses the angular extent of small elements in the radial co-ordinate. Hence "seeing" should have a large influence on the center-limb variation of the observed velocities. The second effect is the averaging of the velocities that occurs because each line is formed through a considerable depth of the solar atmosphere in a region of steep gradients of nearly all physical characteristics. If the same sight-line velocity prevails through all the contributing layers, the resultant profile will be displaced according to this unique value of the velocity. But if different velocities occur in the different layers, there will be a complex averaging, depending on the contribution of each layer to the intensity of each point of the profile. In the following sections we shall give definite evidence for rather large changes, both qualitative and quantitative, of the velocity field with height. We must conclude, therefore, that the depth-averaging process is inevitable. It is, of course, more or less effective for various lines, depending on ionization and excitation potentials and on saturation effects. Accordingly, the measured displacements of the Fraunhofer lines should not be too strictly identified with the actual macroscopic velocities, since they represent lower limits. Reasonably realistic calculations of the effect of depth averaging on the profiles and displacements would be useful.
IV. RANDOM TURBULENT VELOCITIES, £, AS A FUNCTION OF LINE STRENGTH
Determinations of £ for 19 lines at the center of the disk are collected in Table 2 , along with the Rowland intensities and the equivalent width in mA, from the recent Photometric Catalogue of the Fraunhofer lines published by the Utrecht Observatory. J. W. EVANS AND R. MICHARD The statistical significance of the values of £ varies for the different lines, depending on the extent of the samples used for their determination. The weight is considered high (H) when the corresponding sample covered at least 300000 km on the disk in a spectrum of best quality. Otherwise a low weight (L) is assigned.
Notes for various lines.-K3, the value given for the random turbulent velocity of the central absorption core of the K line is only an order of magnitude. Because of very strong local changes in the profiles, our method of measurement is not satisfactory for K 3 .
¿>1, ¿>2, Measurements refer to the cores of the lines (scans at ±0.07 A from the center). Di, Value from a spectrum of doubtful quality, possibly too small. On our velocity tracings, "elements" of sizes ranging from 1000 up to 5000 or 6000 km are present. The larger elements generally show some evidence of incompletely re- solved fine structure. The rather good agreement of our results with those of Goldberg et at. (1960) (who eliminated the smaller structure in the reduction process) shows that the contribution of small elements does not increase the variance of the velocities much, probably in part because the velocities of these small elements are more affected and reduced by insufficient image quality and other smoothing mechanisms, described above.
In Figure 3 , £ is plotted against the logarithm of equivalent width for our 19 lines and 9 lines measured by Goldberg et at. The pronounced increase of £ with log W clearly indicates a systematic increase in the random vertical velocities with height in the solar atmosphere. The relation between equivalent width and the depths of formation of the off-center portions of the line profiles used in measuring velocities is not simple, and has not been satisfactorily determined. Until this problem is solved, we cannot derive the interesting quantitative relation between £ and height If the random macroscopic velocities increase with height, we should also expect some change in the displacements measured at different distances from the centers of strong lines, since the height of the absorption presumably decreases with increasing distance from the line center. This effect has been looked for in two lines, Fe 1 5324 (intensity 7) and Ca 11 8542. The first one does not give convincing evidence of the effect. This is not SOLAR ATMOSPHERE 817 too surprising if we consider that the faintest line measured indicates velocities nearly equal to those of medium-strength lines. On the other hand, the very strong line of Ca ii clearly displays the expected variation, as shown in Table 3 . This effect is more marked for single strong displacements than for the random turbulent velocity.
V. CORRELATIONS BETWEEN THE VELOCITIES IN DIFFERENT LINES
It has been sometimes stated that lines of different strengths show the same displacements. However, R. Michard (unpublished) did not find any correspondence between structure in Ha and displacements of medium Fraunhofer lines in the green, observed on simultaneous spectra. Further to investigate this matter, we have systematically Table 4 summarizes our calculations of the coefficients of correlation for various pairs of lines. When this coefficient was obviously very close to 1 (as judged from the vi-vz diagram), it was not calculated. The velocity traces for Ks and the nearby strong line 3930.310 Fe i appear to be totally unrelated, and their coefficient of correlation has been estimated as zero without further calculation. It is clear that the changes in the velocity field with height comprise not only a general increase in £ but also more basic qualitative changes. These, however, do not become very important except for the strong lines formed in the chromosphere. 
VI. DISTRIBUTION OF VELOCITIES AT THE CENTER OF THE DISK
We have examined the distributions of the measured velocities to determine whether or not they are Gaussian. The same study was made for brightness fluctuations in the continuum measured on the same spectra. The latter proved to have a normal distribution, in agreement with the result obtained by Schwarzschild (1959) from a much larger sample. In the velocities, a more than normal proportion of large fluctuations was found, at first, from a sample of 280 measurements on a single spectrum (two lines). But in a sample of 600 measurements from three uncorrelated spectra (three times 200000 km on the sun) this excess was much reduced. We are inclined to conclude that the distribution of macroscopic velocities is very nearly Gaussian for sufficiently large samples.
vu. center-limb changes of £ Two sets of spectra for a small spectral range around the Ô2 line of Mg 1 have been measured. One set was taken with the slit parallel to the solar limb and has the advantage that the r.m.s. velocities rest on rather large samples of measurements (a length of the sun of more than 3!5) even close to the limb. However, it was feared that SOLAR ATMOSPHERE 819 the finite width of the slit (f") would introduce further smoothing of details near the limb when the slit was tangential. To check this point, a second set, with radial slit, was measured. Its results have much less statistical weight near the limb but, the slit being radial and less wide, had practically no smoothing effect. The two sets, however, agree reasonably well. Results are collected in Table 5 . The first set is more trustworthy, the values of £ depending on large samples and being corrected for grain "noise." Figure 4 shows a plot of £ against ix for the lines fo, 5171.612 Fei (intensity 6), and the average of the two faint lines 5173.751 Til and 5168.665 Ni I. The different behavior of lines of various strength, already pointed out by Goldberg et al. (I960) , is clearly displayed.
It is possible that the strong limb decrease in £ shown by all lines is partly spurious because of the increased effect of "seeing" on small details foreshortened by projection, and also the increased effect of averaging along a very long oblique line of sight. We may, however, conclude safely (in agreement with Goldberg et al.) that faint lines show an initial marked increase in £ up to ju ~ 0.6, while strong lines show a decrease. The medium-strength line tends to have a constant £ in this range. All lines seem to behave in the same way and have equal £ for /x < 0.5. The measurements at the center of the disk show unambiguously that the vertical component of the velocity field increases with height. If the field were more or less isotropic, this result and the limb decrease of £ would be a contradiction, because lines at the limb are expected to come from higher layers than at the center. However, we have given reasons why the limb decrease in £ may be spurious, only the initial trend up to p 0.5 being sure. On the other hand, the changes in effective levels with p need not be very pronounced. Calculations of contribution functions of r\ by Elste (1955) and others show a center-limb change in the effective depth of line formation nearly proportional to p. But this is the result of photospheric models with steeply decreasing temperatures at small r. A recent empirical model by Pagel (1961) shows a sharp minimum of T e around r = 0.01, followed at smaller r by an abrupt rise. Such a model would give an effective depth of line formation almost independent of p (at least for lines of inten-H- Fig. 4 .-Center-limb changes in the random velocity £ for three typical lines, from our best set of measurements. Crosses: ¿>2 line of Mgi; dots: Fe 1 5171.61 (intensity 6). Product signs: mean of lines Ti i 5173.75 (intensity 2) and Na 1 5168.67 (intensity 1).
sity greater than about 5 from easily ionized metals like Fe 1, Ti 1, etc.). Because this model is rather directly related to observation, we are inclined to think that the changes in effective depth are only second-order effects in defining the run of £ with p for the lines under consideration. If so, this run indicates anisotropic motions except very near the limb, where projection effects make the interpretation uncertain.
Neglecting the change in effective depth with p, we may estimate the vertical and horizontal components, £ v and &, assuming that £2 cos 2 0 + £); sin 2 0 = £ 2 ,
where the £'8 are the observed values (neglecting the value at = 0.16 because of its sensitivity to imperfect seeing). We find the values given in the following table.
We can consider the observable macroscopic velocity field in the range of height defind by the set of lines under consideration to be made up of two parts: a mainly vertical The difference in height behavior suggests that the horizontal and vertical motions are physically distinct in nature and origin. In subsequent papers of this series, this suggestion is confirmed by a strong predominance of periodic vertical motions and random horizontal motions.
